Abstract. The fine-needle aspiration of thyroid nodules and subsequent cytological analysis is unable to determine the diagnosis in 15 to 30% of thyroid cancer cases; patients with indeterminate cytological results undergo diagnostic surgery which is potentially unnecessary. Current gene expression biomarkers based on well-determined cytology are complex and their accuracy is inconsistent across public datasets. In the present study, we identified a robust biomarker using the differences in gene expression values specifically from cytologically indeterminate thyroid tumors and a powerful multivariate search tool coupled with a nearest centroid classifier. The biomarker is based on differences in the expression of the following genes: CCND1, CLDN16, CPE, LRP1B, MAGI3, MAPK6, MATN2, MPPED2, PFKFB2, PTPRE, PYGL, SEMA3D, SERGEF, SLC4A4 and TIMP1. This 15-gene biomarker exhibited superior accuracy independently of the cytology in six datasets, including The Cancer Genome Atlas (TCGA) thyroid dataset. In addition, this biomarker exhibited differences in the correlation coefficients between benign and malignant samples that indicate its discriminatory power, and these 15 genes have been previously related to cancer in the literature. Thus, this 15-gene biomarker provides advantages in clinical practice for the effective diagnosis of thyroid cancer.
Introduction
The incidence of thyroid cancer has been increased over the past few years (1) (2) (3) . Thyroid nodules are one of most prevalent thyroid diseases, detectable by cervical echography in between 50 and 67% of healthy individuals (4) . A confirmation study is required to verify the diagnosis as only 5% of these thyroid nodules are malignant (4) .
Usually, diagnosing thyroid nodules as benign or malignant is performed by cytological evaluation (5) . For this purpose, fine-needle aspiration (FNA) is the most commonly used sample extraction technique, since it is rapid, inexpensive and simple, as shown by Knezević-Usaj et al (6) . Subsequent cytological analysis following FNA provides four possible results: nondiagnostic, positive to malignancy or suspicious, indeterminate and benign cytology (7) . Indeterminate FNA cytological results are obtained in between 15 to 30% of cases (8) (9) (10) (11) . Moreover, only between 5 and 15% of cases are malignant, particularly in those with indeterminate cytological results (11) . Consequently, patients with FNA indeterminate cytological results undergo diagnostic surgery, even though this has been proven to be unecessary in >50% of cases where patients are later found to have benign disease (5, 12) .
Microarray-based gene expression profiling studies of thyroid nodules have proposed molecular markers (11, 13, 14) . However, it has been demonstrated in other types of cancer that some biomarkers identified in one cohort may fail to reproduce similar results with a high degree of accuracy in other cohorts (15, 16) . For example, the accuracy of the Afirma ® genomic test for FNA thyroid samples, which is based on the expression of >170 genes and one of the most extensively studied, has been confirmed by some studies (17) (18) (19) (20) ; however, it has been seriously questioned by more recent investigations in terms of its sensitivity, cost-effectiveness, or its ability to complement tests with a high specificity such as the BRAF mutation test (21) (22) (23) (24) .
Given that those patients with thyroid nodules of indeterminate FNA cytology may undergo unnecessary surgical intervention, and that previously proposed molecular biomarkers cannot be used in these cases, or that the accuracy of a currently available test has been questioned, a molecular, robust, biomarker for FNA, that is simple, and cost-effective, is still required for clinical investigations and practice. In contrast to other authors, in this study, we propose a molecular biomarker designed specifically from FNA indeterminate thyroid samples identified by a bioinformatics approach, which has been validated in six datasets, including four from other authors. We demonstrate that the accuracy of the proposed biomarker is superior to other previously proposed biomarkers for thyroid tumors. The proposed biomarker is composed of 15 genes and has the potential to be easily implemented into clinical practice using common and cost-effective real-time-polymerase chain reaction (RT-PCR) assays.
Data collection methods
Datasets and processing. We used six gene expression microarray datasets from five different authors (Table I) , which we obtained from large microarray repositories. The main inclusion criteria were that the number of samples was >40 and that the study contained histopathological diagnoses. To compare the results from the different datasets and microarray platforms, we transformed the gene expression data to a uniform distribution between 0 and 1, where 0 represents the lowest and 1 the highest expression. Multiple probes assigned to the same gene were averaged if they were correlated using a Pearson coefficient of ≥0.7. The probe with the highest expression was used if duplicate symbols remained. To facilitate future biomarker measurements in clinical practice using RT-PCR, which may use an internal control for normalization (25) , we transformed the original Alexander dataset of 173 genes (11) , which represent the previously identified Afirma ® test, to a dataset of all combinations of gene-by-gene expression differences. This generated a dataset of 2,850 gene expression differences.
In preliminary experiments, we observed that differences allowed better prediction than the raw expression measure (data not shown), which is consistent with other observations, where pairs of genes are more accurate predictors than separate genes, as shown by Grate (26) .
Biomarker identification. To the best of our knowledge, the Alexander dataset is the only data providing details of cytologically indeterminate thyroid samples [Alexander et al (11) ]; therefore, we used this 'training' dataset as a gold standard in order to identify the biomarker. To discover combinations of gene differences that together yield the optimal classification of malignant and non-malignant samples, we used GALGO, a genetic algorithm for feature selection (27) . GALGO is a feature selection approach based on genetic algorithms coupled with a classifier. Briefly, GALGO first generates a population of random combinations of features. Each combination of this population is evaluated using the accuracy of a classifier and the selected features. The genetic algorithm then selects those combinations with higher accuracy, which are subsequently re-combined and changed replacing a gene difference with another. The process is repeated until a predefined number of cycles yields a highly accurate feature combination. Since this process is stochastic, the specific features may change; thus, GALGO typically performs this procedure multiple times. Subsequently, a representative feature combination is selected based on the number of times each feature is present in the highly accurate combinations and a forward selection procedure. In this study, as proposed by GALGO tutorials (http://bioinformatica.mty. itesm.mx/GALGO), we used 300 combinations having five features to select the representative biomarker. For the classes, we used benign and malignant cytology as the sample class. For classification, we used the nearest centroid (NC) method shown in the study by Dabney (28) . The NC method is based on centers per gene per class estimated as the mean of the gene expression values from the samples of the same class. The samples were classified as the class with the minimum Euclidean distance. The GALGO tutorial has further details of the genetic algorithm and the NC classifier (27) . This procedure was performed using the subset of the Alexander dataset (GSE34289) that corresponded to indeterminate FNA cytology and post-surgery determinate, which is composed of 188 samples, 131 as benign and 57 as malignant. We used only 57 randomly selected benign samples for training to balance the number of benign samples with malignant samples.
Biomarker evaluation. To evaluate the performance of the proposed biomarkers and those proposed by other authors, we used an NC classifier learning the parameters from the gene expression measurements of their corresponding datasets. Given that the Alexander dataset is the only available data providing details of indeterminate thyroid samples (11), we used this dataset as the gold standard to evaluate the performance of biomarkers in the undetermined samples. For the cytologicallydetermined samples, we used the other five datasets shown in Table I as Test datasets.
Results
Previously proposed thyroid cancer biomarkers are not robust. To predict thyroid tumor malignancy, we compared the accuracy of four previously described biomarkers involving between 3 and 167 genes (10, 11, 14, 29) evaluated in six datasets using an NC classifier. The average accuracy ranged between 73 and 78% ( Fig. 1) . However, we observed some issues. Firstly, none of these four biomarkers accurately predicted The Cancer Genome Atlas (TCGA) subtypes; the maximum was 55%. Secondly, the accuracies evaluated in the 265 indeterminate FNA samples (Alexander dataset) were poor. Thirdly, two of the biomarkers needed almost 100 genes or more, which would generate technical and economic difficulties in clinical practice.
Identification of a highly accurate and robust 15-gene biomarker.
The application of previously proposed biomarkers was associated with several concerns: low accuracy, lack of robustness, need to screen of a high number of genes, as well as poor performance when used to analyze indeterminate samples. These biomarkers were all identified through the study of thyroid samples with a definitive cytological diagnosis. Therefore, we specifically selected thyroid tumors with indeterminate cytology from the Alexander GSE34289 dataset (11) . To facilitate measurements in a clinical laboratory using RT-PCR and to improve accuracy, we used all combinations of gene differences (26,30-32) instead of the 173 gene expression profiles in GSE34289. To select a low number of genes, we used a multivariate search to identify optimal combinations (27) . This strategy is based on genetic algorithms coupled with an NC classifier. Finally, to validate the proposed biomarker in silico, we used five additional datasets (Table I) .
The average accuracy (83%) of the proposed biomarker was superior to the other biomarkers (Fig. 1) . The proposed biomarker was the most accurate in four of the six datasets, including the TCGA dataset and the cytologically indeterminate samples; it was also highly competitive in the remaining two datasets [Borup (14) and Giordano (13) ]. The biomarker identified using GALGO was based on 15 SERGEF, SLC4A4 and TIMP1). This signature seems to be preserved across the six datasets, exhibiting clear differences between malignant and benign samples (Fig. 2) . Twelve of these gene differences were statistically altered in four, five or six datasets (Table II) . We also tested the signature across available strata. We observed a high degree of accuracy which was independent of gender, age, tumor size and ethnicity (Table III) .
Genes in biomarker play important roles in cancer.
Remarkably, the majority of the 15 genes that compose the biomarker have been previously associated with cancer. CLDN16 has been shown to be elevated in patients with thyroid papillary cancer (33) . LRP1B inactivation has been shown to influence the tumor environment, thereby increasing the growth and invasiveness of thyroid cancer cells (34) . SLC4A4 is expressed in low levels in papillary thyroid carcinoma (35) . TIMP1, an inhibitor of the metalloproteinases in the extracellular matrix (36) , has been shown to be highly expressed in thyroid cancer (37, 38) . CCND1, which is involved in the inactivation of the retinoblastoma (RB) protein, as well as in the G1-S phase transition within the cell cycle, has been shown to be associated with many tumors (39), including thyroid papillary carcinomas and follicular adenomas and carcinomas, as shown by Seybt et al (40) . SEMA3D, a semaphorin that guides migrating cells during developmental morphogenesis and in adult tissues (41) , has been shown to have anti-tumorigenic properties (42) . The expression levels of CLDN16, LRP1B, SLC4A4, TIMP1, CCND1 and SEMA3D across subtypes in the six datasets analyzed in the present study were consistent with the findings of the above-mentioned studies (Fig. 3) . PFKFB2, which is involved in the control of glycolysis, has been shown to be highly expressed in patients with papillary thyroid cancer aged >40 years compared with younger patients (43) . However, in the present study, PFKFB2 appeared to be more highly expressed in the benign tumors across the datasets. CPE mutations have been related to deficiencies in thyrotropin-releasing hormone (44) , suggesting that it plays important roles in the thyroid gland. CPE has been shown to be associated with tumor growth and metastases in pheocromocytomas and others types of cancer (45) . In this study, we found a consistently high expression of CPE in malignant tumors; however, CPE expression levels varied in the benign samples. MATN2 and MPPED2 seem to be highly correlated (r=0.7 in benign samples in Alexander dataset) and highly expressed in the benign thyroid gland (Fig. 3) . It is well known that the former is involved in the formation of filamentous networks in the extracellular matrix and the latter displays low metallophosphoesterase activity. MPPED2 has been proposed to play an important role in neuroblastoma tumorigenesis (46) and the increased expression of this gene has been shown to be associated with a good prognosis (46) , which is consistent with the higher expression observed in the benign thyroid tumors in the present study. By contrast, MATN2 overexpression has been observed in pilocytic astrocytoma (47) . MAPK6 is a member of the Ser/Thr protein kinase family that has been found to be associated with tumor invasion in lung cancer (48) . Polymorphisms in MAGI3 and PYGL have been associated with various disorders, MAGI3 with hypothyroidism (49) and PYGL with relapse in leukemia (50) . This literature review of the involved genes suggests that the majority play or may play an important role in thyroid tumors.
Alterations in correlation coefficients characterize differences in gene expression.
Eight genes are included in only one difference and seven in more than one difference (Fig. 2) . Notably, the CPE gene was found in seven gene differences indicating an important contribution within the biomarker. We Table II . Differences in centroids between benign and malignant samples across datasets. Giordano Borup Alex. Ind Alex. Det TCGA Tomás number of datasets with a p-value <0.001. Ind, indeterminate; Det, determinate; Diff, differences in the centroids; NS, not significant. observed a higher correlation of genes combined with CPE in the benign samples compared with those correlations in the malignant tumor samples from the Alexander indeterminate dataset (Fig. 4A) . By contrast, a higher correlation between the malignant samples was not observed. A similar analysis of all gene pairs across the datasets confirmed this trend (Fig. 4B) .
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------Highly

Discussion
Previously proposed biomarkers were not robust across datasets or indeterminate FNA samples when evaluated under similar conditions in silico. This may be due to characteristics of the samples, microarray technology, or the methodology used for biomarker identification. Whereas other studies have focused on determinate samples in order to identify biomarkers (10,1 1,13,14,29,51,52), we specifically used indeterminate samples as the training set, and therefore, we captured the particular expression signatures in these samples. We then showed that the signatures were also conserved in five studies of determinate tumors, which validates the proposed signature. For this purpose, we used gene expression differences between pairs of genes and a multivariate search methodology. Notably, the proposed biomarker is more compact and more accurate than other previously proposed biomarkers.
The proposed biomarker was found to be robust when evaluated in other databases and across patient characteristics (tumor size, age, gender and ethnicity). These results suggest that differences in expression are independent of the cohort, methodology, genomic technology and particular characteristics of the cohort and thus, it is highly likely to represent true biological alterations. In the Giordano (13) and Borup (14) databases, the biomarker was capable of classifying, with high accuracy, many cellular types of thyroid cancer. In the case of determinate FNA samples in the Alexander database (11), the performance of the biomarker was higher (96%) than that of the indeterminate ones (87%) even though the latter was used to identify the biomarker. This result suggests that indeterminate samples may contain transitional stages between benign and malignant subtypes. The differences in gene expression allow for the easier measurement in widely used technologies, such as RT-PCR, thereby facilitating implementation in clinical practice. Surprisingly, most of the gene pairs in differences were highly correlated in the benign tumors and poorly correlated in the malignant tumors. This concurs with observations in prostate (53), colon, lung, pancreatic, cervical and gastric cancers (54) where the tumor correlation distribution is different than in normal counterparts, generally sharper around zero. Notably, these results suggest that differences in correlations may be an important characteristic of tumor transformation, which may be exploited for biomarker identification, cancer prognosis and gene targeting. We hypothesized that these differences between malignant and non-maligant samples were important for the multivariate search and the classifier to select the genes involved in the proposed biomarker. This may explain the high number of occurrences of the CPE gene, which showed the largest differences in correlation coefficients (ten in benign and one in malignant samples).
From the 15 genes identified in our biomarker, which is a subset of those from the study by Alexander et al (11) (29) , and only two (MATN2 and MPPED2) are included in the genes from the study by Borup et al (14) . Thus, the proposed signature combined with the use of gene differences and a NC classifier appears to be distinctive.
The contribution of the multivariate search was important since the other methodologies tested, such as PAM-R (56) and support vector machine recursive feature elimination (SVM-RFE) (57), generated lower accuracies (65 and 75%, respectively) or higher numbers of gene differences (85 and 15, respectively). Besides the multivariate search, we believe that the use of the gene-pair difference was an important factor which enabled us to identify the highly accurate marker. We then showed that the gene-pair difference may also associated with the difference in correlation coefficients between genes and tumor subtypes. Nevertheless, this approach is almost prohibited in large datasets since a dataset of 20,000 genes would generate 200 million differences combinations. Thus, the use of the 173 genes (or a stringent gene filter) was also a critical factor.
As the proposed biomarker was only tested in silico, a validation study is warranted to confirm the potential use of this biomarker in clinical practice. Although we aim to explore this line of research in the near future, the availability of the proposed biomarker and the methodology used may encourage other research groups to test the biomarker or to design better ones.
In conclusion, the proposed biomarker is composed of 15 gene differences involving 15 genes. The majority of the genes have been associated with cancer and some specifically with thyroid cancer in the research literature. Our analysis suggests that the proposed biomarker is more accurate and robust than previous thyroid biomarkers in tumors and indeterminate FNA samples. Measuring the biomarker may be made relatively easy by RT-PCR facilitating implementation. Changes in the gene expression correlations between benign and malignant samples may be associated with tumor progression and may explain the presence and robustness of the gene differences that compose the proposed biomarker.
